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$OO WKHVH IDLOXUH PRGHV LQYROYH SODVWLF GHIRUPDWLRQV 'XH WR KLVWRULFDO OLPLWDWLRQV RQ SHUIRUPLQJ HODVWRSODVWLF
DQDO\VHV DOO WKUHH IDLOXUH PRGHV KDYH EHHQ DGGUHVVHG E\PHDQV RI OLQHDU HODVWLF DQDO\VLV DQG VXEVHTXHQW VWUHVV
HYDOXDWLRQ7KHREMHFWLYHVRIWKHVHHYDOXDWLRQSURFHGXUHVDUHWRDSSUR[LPDWHO\SUHGLFWHODVWRSODVWLFEHKDYLRUIURP
HODVWLF DQDO\VHV'HSHQGLQJRQ WKH IDLOXUHPRGH DQG W\SH RI FRPSRQHQW FRQVLGHUHG WKHSURFHGXUHVPD\ EH ERWK
FRPSOLFDWHGDQGXQSUHFLVH(ODVWRSODVWLFDQDO\VLV±LQJHQHUDO±UHVXOWVLQVXSHULRUDFFXUDF\DQGKLJKHUSUHGLFWHG
UHVLVWDQFHDQGOLIHVSDQ
7KH FROODSVH DVVHVVPHQW LV FRQGXFWHG E\ PHDQV RI OLPLW DQDO\VLV DQG UHTXLUHV RQO\ D VLPSOH OLQHDU HODVWLF
SHUIHFWO\ SODVWLF FRQVWLWXWLYH PRGHO VLQFH LW LQYROYHV PRQRWRQLF ORDGLQJ RQO\ /RZ F\FOH IDWLJXH DQG UDWFKHWLQJ
LQYROYH F\FOLF ORDGLQJ ZKLFK DIIHFW WKH SURSHUWLHV RI WKH PDWHULDO DQG KHQFH UHTXLUH PXFK PRUH VRSKLVWLFDWHG
FRQVWLWXWLYH PRGHOV HVSHFLDOO\ ZKHQ DVVHVVLQJ UDWFKHWLQJ EHKDYLRU ZKHUH WKH DQDO\VLV UHVXOWV PD\ GLIIHU
VLJQLILFDQWO\GHSHQGLQJRQWKHDSSOLHGFRQVWLWXWLYHPRGHODQGKRZWKHPRGHOSDUDPHWHUVDUHFDOLEUDWHG




PRGHOV WKDWDUHDEOH WRVLPXODWH WKHF\FOLFPDWHULDOEHKDYLRUZKLFKIROORZPHWDOV LQKHUHQW WHQGHQF\ WRUDWFKHWRQ
WKHLURZQLQDV\PPHWULFVWUHVVF\FOLQJLHXQLD[LDOF\FOLQJDWDPHDQVWUHVV6LQFHLWKDVEHHQSURYHQGLIILFXOWWR
FDSWXUH ERWK WKLV EHKDYLRU DQG WKH VWUXFWXUDO UDWFKHWLQJ EHKDYLRU VLPXOWDQHRXVO\ WKH FRQVWLWXWLYH PRGHOV WHQG WR
EHFRPHPRUHDQGPRUH FRPSOH[ DQG UHTXLUHPRUH DQGPRUHPRGHOSDUDPHWHUV ,QRUGHU WR FDOLEUDWH WKH LQWHUQDO
PRGHOSDUDPHWHUVH[WHQVLYHPDWHULDOH[SHULPHQWVDUHUHTXLUHG
,Q6ZHGHQWKH$60(FRGH>@LVXVHGIRUYHULI\LQJWKHLQWHJULW\RIQXFOHDUSRZHUSODQWFRPSRQHQWV7KHFRGH
GRHVQRWJLYHDQ\ FOHDU UXOHV IRU FKRRVLQJD FRQVWLWXWLYHPRGHO LQ WKH DVVHVVPHQWRI UDWFKHWLQJZKHQSHUIRUPLQJ
HODVWRSODVWLFDQDO\VLV1RUGRHVWKHFRGHSURYLGHDQ\F\FOLFPDWHULDOFKDUDFWHULVWLFV)XUWKHULWKDVQRWEHHQFOHDUO\
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%DVHG RQ WKHVH IDFWV WKH 6ZHGLVK QXFOHDU LQGXVWU\ LQLWLDWHG D SURMHFW ZLWK WKH REMHFWLYH WR LQYHVWLJDWH WKH




GLIIHUHQW W\SHV SODVWLF VWUDLQ UHVSRQVHV 7KLV LV LOOXVWUDWHG LQ )LJ  ZKHUH D VKRZV WKH UHVSRQVH IRU D ORDG
FRPELQDWLRQ UHVXOWLQJ LQ D SXUH HODVWLF UHVSRQVH E DQG F VKRZV DQ LQLWLDOO\ LQFUHDVLQJ SODVWLF VWUDLQ UHVSRQVH




SULPDU\ LQQHUSUHVVXUH ORDG LQDSLSH LVFRPELQHGZLWKDVHFRQGDU\F\FOLF WKHUPDO ORDG9DULRXVFRPELQDWLRQVRI
SULPDU\DQGVHFRQGDU\ORDGVOHDGWRGLIIHUHQWW\SHVRIUHVSRQVHVZHUHUDWFKHWLQJLVRQHRIWKHP7KH%UHHSUREOHP
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S Sm y   




VKRZ WKDW VKDNHGRZQ RFFXUV RU WKDW WKH PD[LPXP DFFXPXODWHG ORFDO VWUDLQ DW DQ\ SRLQW DV D UHVXOW RI F\FOLF






DQG GXULQJ D VXEVHTXHQW ORDGLQJ LQ WKH RSSRVLWH GLUHFWLRQ WKHPDWHULDO \LHOGV DW D ORZHU VWUHVV OHYHO ,Q RUGHU WR
VLPXODWHWKH%DXVFKLQJHUHIIHFWGLIIHUHQWW\SHRINLQHPDWLFPDWHULDOPRGHOVFDQEHXVHG
'XULQJF\FOLFORDGLQJPRVWPHWDOVDOVRH[SHULHQFHDJUDGXDOFKDQJHLQWKHK\VWHUHVLVFXUYHLQFRPSDULVRQWRWKH




PDWHULDOPRGHO+RZHYHU LQ RUGHU WR FDSWXUH DGYDQFHG HIIHFWV VXFK DV SUHORDGV DQG YDULHG F\FOLF UHVSRQVHV IRU
GLIIHUHQW ORDG PDJQLWXGHV DGYDQFHG PRGHOV ZKLFK UHTXLUHV H[WHQVLYH F\FOLF PDWHULDO GDWD DUH QHHGHG VHH IRU
H[DPSOH>@2QHFDQDOVRXVHWKHF\FOLFVWDELOL]HGVWUHVVVWUDLQFXUYHXVLQJRQO\DNLQHPDWLFPRGHODQGQHJOHFWWKDW
WKHUHVSRQVHEHIRUHF\FOLFVDWXUDWLRQZLOOQRWEHFDSWXUHG,I WKHF\FOLFKDUGHQLQJHIIHFWVDUHLJQRUHGDQGRQO\WKH
YLUJLQ FXUYH LV XWLOL]HG IRU FDOLEUDWLRQ RI WKH PRGHOV WKH SODVWLF UHVSRQVH LV RYHUHVWLPDWHG IRU F\FOLF KDUGHQLQJ
PDWHULDOVXQGHUHVWLPDWHGIRUF\FOLFVRIWHQLQJPDWHULDOVDQGFRUUHFWLIWKHF\FOLFKDUGHQLQJRUVRIWHQLQJHIIHFWVDUH
QHJOLJLEOH











EDVHG RQ H[SHULPHQWDO REVHUYDWLRQV WKDW K\GURVWDWLF SUHVVXUH GRHV QRW FDXVH \LHOGLQJ RIPHWDOV+HQFH RQO\ WKH
GHYLDWRULFVWUHVVVWDWHLVLQYROYHGLQPHWDOSODVWLFLW\7KHYRQ0LVHV\LHOGFULWHULRQUHDGV
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,Q WKH SULQFLSDO VWUHVV VSDFH WKH PDWKHPDWLFDO IRUPXODWLRQV RI WKH \LHOG FULWHULRQ UHSUHVHQWV D FLUFXODU \LHOG
VXUIDFHLQSULQFLSDOELD[LDOSODQHLWUHSUHVHQWVD\LHOGORFXVVHH)LJ
7KH FRQFHSW RI NLQHPDWLF KDUGHQLQJZDV LQWURGXFHGE\3UDJHU >@ LQZKLFK WKH \LHOG VXUIDFH VL]H DQG VKDSH
UHPDLQHGFRQVWDQWGXULQJLQHODVWLFORDGLQJEXWWUDQVODWHVLQVWUHVVVSDFHGXULQJWKHORDGLQJKLVWRU\
'HQRWLQJ WKHFXUUHQWFHQWHU±FRPPRQO\FDOOHGEDFNVWUHVV±RI WKH\LHOGVXUIDFHĮij WKH WUDQVODWHGVXEVHTXHQW
YRQ0LVHV\LHOGVXUIDFHUHDGV
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7KH UHFDOO WHUPPDNHV WKH HYROXWLRQRI WKH EDFNVWUHVVĮLM QRQOLQHDU DQGKHQFH WKHSODVWLFPRGXOXV+S LV QR
ORQJHU FRQVWDQW DV LQ WKH 3UDJHUPRGHO 7KH SDUDPHWHU & GHQRWHV WKH SODVWLFPRGXOXV DW WKH RQVHW RI SODVWLFLW\
$OWKRXJKWKH$UPVWURQJ)UHGHULFNPRGHOLVEHWWHUDEOHWRDGMXVWWRUHDOVWUHVVVWUDLQFXUYHVWKDQWKH3UDJHUPRGHOLW
FDQQRW FDSWXUH WKHZKROH VWUHVVVWUDLQ FXUYH ,Q RUGHU WR UHPHG\ WKDW&KDERFKH >@ LQWURGXFHG WKH FRQFHSW RI
VHYHUDOVXSHULPSRVHG$UPVWURQJ)UHGHULFNWUDQVODWLRQVDFFRUGLQJWR





0RVWPRGHOVSUHVHQWHG WKH ODVWGHFDGHVKRZHYHUVWHPIURPWKHPRGHOSURSRVHGE\&KDERFKH >@&KDERFKH LQ
WXUQVWHPVIURPWKH$UPVWURQJ)UHGHULFNPRGHO>@ZKLFKLQWXUQLVDPRGLILFDWLRQRIWKHRULJLQDO3UDJHUPRGHO




,W LV RQO\ $UPVWURQJ)UHGHULFN DQG &KDERFKH PRGHO ZKLFK DUH DEOH WR VLPXODWH UDWFKHWLQJ LQ DV\PPHWULFDO






'XULQJ VSULQJ  D WXEH WHVW VSHFLPHQ ZDV GHYHORSHG 7KH VSHFLPHQ ZDV GHVLJQHG WR JLYH D UDWFKHWLQJ
UHVSRQVH LQ WKHPXOWLD[LDO VWUHVVVWDWHZKLFKPD\RFFXU LQDSUHVVXUL]HGSLSHH[SRVHG WRF\FOLFD[LDOGHIRUPDWLRQ
FRQWUROOHGORDGV,QLWLDOO\WHVWVVXFFHVVIXOO\YHULILHGWKDWDUDWFKHWLQJUHVSRQVHLQWKHKRRSGLUHFWLRQIROORZHGZKHQ
WKH VSHFLPHQ ZDV VXEMHFWHG E\ FRPELQDWLRQV RI SULPDU\ DQG VHFRQGDU\ ORDGV ZKLFK WKHRUHWLFDOO\ ZRXOG JLYH D
UDWFKHWLQJ UHVSRQVH%DVHGRQ WKHVH H[SHULHQFHV LQ WRWDO QHZ WHVW VSHFLPHQVPDGHE\ WZRGLIIHUHQWPDWHULDOV
ZHUHPDQXIDFWXUHG
,Q 0DUFK  H[SHULPHQWV ZHUH FRQGXFWHG RQ DOO QHZ VSHFLPHQV DW WKH &RPSODE ODERUDWRU\ DW /XOHn
7HFKQLFDOO\8QLYHUVLW\)LUVWLQRUGHUWRGHWHUPLQHPDWHULDOSURSHUWLHVPRQRWRQLFORDGFRQWUROOHGH[SHULPHQWVZHUH
SHUIRUPHG RQ VHYHUDO WHVW VSHFLPHQV %DVHG RQ WKH PHDVXUHG PDWHULDO SURSHUWLHV WKH SUHVVXUH DQG D[LDO
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GLVSODFHPHQW ORDGV IRU HDFKRI WKH UDWFKHWLQJ H[SHULPHQWVZHUHGHWHUPLQHG DQG VXPPDUL]HG LQ D WHVWLQJ VFKHPH
7KHUHDIWHUWKHUHPDLQLQJWHVWVSHFLPHQVZHUHXVHGIRUUDWFKHWLQJH[SHULPHQWV




DXVWHQLWLF VWHHO / DQG IHUULWLF VWHHO 3ZLWK GLPHQVLRQV DFFRUGLQJ WR 7DEOH  DUH LQYHVWLJDWHG 7KH SLSH
VHFWLRQVDUHZHOGHG WR WKHDWWDFKPHQWVZLWK IXOOSHQHWUDWLRQEXWWZHOGV$SKRWRRI WKH VSHFLPHQ WRJHWKHUZLWKD
PDUNHUSHQLVVKRZQLQ)LJ
7KUHH W\SHV RI H[SHULPHQWDO WHVWV DUH SHUIRUPHG 7KHVH DUH D PRQRWRQLF ORDG FRQWUROOHG WHQVLOH WHVWV E
PRQRWRQLF ORDG FRQWUROOHG LQWHUQDO SUHVVXUH WHVWV DQG F UDWFKHWLQJ WHVWV 'XULQJ DOO WKUHH W\SHV RI WHVW WKH WXEH
VSHFLPHQ LVPRXQWHG LQWRD WHQVLOH WHVWPDFKLQH$FRQVWDQWSUHVVXUH OHYHO LVDFKLHYHGE\FRQQHFWLQJDQH[WHUQDO




 Do  t  L 
3 PP PP PP
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
)LJ2YHUYLHZSKRWRRIWKHSUHVVXUHUHJXODWLRQV\VWHP
6.3. Monotonic experiments 
,QRUGHUWRH[DPLQHWKHLQIOXHQFHRIDQLVRWURSLFPDWHULDOEHKDYLRUERWKXQLD[LDODQGPXOWLD[LDOH[SHULPHQWVXQGHU
ORDGFRQWUROIRUGHWHUPLQDWLRQRIWKHSLSHVHFWLRQPDWHULDOSURSHUWLHVDUHFRQGXFWHG)RUWKHXQLD[LDOH[SHULPHQWVWKH
WHVW VSHFLPHQZLWKQR LQWHUQDOSUHVVXUHDUHPRXQWHG LQWRD WHQVLOH WHVWPDFKLQHDQGPRQRWRQLFDOO\ ORDGHG LQ WKH
D[LDO GLUHFWLRQ XQWLO UXSWXUH RFFXUUHG )RU WKH PXOWLD[LDO WHVW WKH VSHFLPHQ LV ILUVW PRXQWHG LQWR WKH WHQVLOH WHVW





)RU F\FOLF ORDGLQJ RI IHUULWLF VWHHOV ZLWK \LHOG SODWHDX LW LV LPSRUWDQW WR UHFRJQL]H WKDW NLQHPDWLF KDUGHQLQJ















 ,Q IDFW QR F\FOLF WHVWVZHUH FRQGXFWHG RQ 3 WXEHV+RZHYHU F\FOLF WHVWVZHUH FRQGXFWHG RQ 3 EDUV LQ DQRWKHU VFRSH RI SURMHFW
52%867KHVWUHVVVWUDLQFXUYHLVWDNHQIURPWKHODWWHUDQGVFDOHGIRUWKHPLQRUGLIIHUHQFHLQ\LHOGVWUHQJWK










,,,FRGHIRUFODVVSLSLQJ WKHSULPDU\ ORDGVRI LQWHUQDOSUHVVXUHDQGVHFRQGDU\ ORDGVRID[LDOGHIRUPDWLRQUDQJH
ZKLFKDUHDSSOLHG LQ WKHH[SHULPHQWVDUHFKRVHQ LQXQLWVRISm7KURXJK$60(1%HTXDWLRQ WKHKRRS
VWUHVVHV FDQ EH H[SUHVVHG DV D IXQFWLRQ RI WKH LQWHUQDO SUHVVXUL]HG LQ D SLSH 7KH DOORZDEOH KRRS VWUHVVHV IRU D
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SUHVVXUL]HGSLSH LV URXJKO\1āSm 7KH VHFRQGDU\ D[LDO VWUDLQ UDQJHV DUH GHWHUPLQHG WKURXJK+RRNV ODZZLWK WKH
PRGXOXVRIHODVWLFLW\FKRVHQDFFRUGLQJWR$60(,,SDUW')RUWKHUDWFKHWLQJH[SHULPHQWVSULPDU\VWUHVVOHYHOVRI





DQG VHFRQGDU\ ORDG HIIHFWV LV WKH \LHOG VWUHQJWK RI HDFK PDWHULDO ZKLFK DUH HVWDEOLVKHG GXULQJ WKH PRQRWRQLF
H[SHULPHQWV





DQG WKHERWWRPVXUIDFH OLQH LV ORFNHG LQ WKHSLSHD[LDOGLUHFWLRQ7KHVHFRQGDU\ ORDGVDUHDSSOLHGDVERXQGDU\





7KH 3UDJHU $UPVWURQJ)UHGULFN &KDERFKH DQG %HVVHOLQJ FRQVWLWXWLYHPRGHOV DUH DYDLODEOH DV %.,1 &+$%
WKUHHSDUDPHWHUV IRU$)DQGVHYHQIRU&KDERFKHDQG.,1+ LQ$16<67KHPDWHULDOSDUDPHWHUVDUHFDOLEUDWHG
DJDLQVW WKH VWUHVVVWUDLQ FXUYHV HVWDEOLVKHG GXULQJ WKH PRQDWRPLF H[SHULPHQWV +RZHYHU VLQFH GLIIHUHQW
FRQILJXUDWLRQV RI PRGHO SDUDPHWHUV LQ WKH $) DQG &KDERFKH PRGHOV PD\ JLYH VLPLODU XQLD[LDO UHVSRQVHV EXW
GLIIHUHQWUDWFKHWLQJUHVSRQVHVHQVLWLYLW\VWXGLHVDUHSHUIRUPHGIRUHYDOXDWLQJZKLFKFRQILJXUDWLRQWKDWVLPXODWHVWKH
UDWFKHWLQJ H[SHULPHQWV EHWWHU )XUWKHU DQ HODVWLFSHUIHFW SODVWLFPRGHO LV DOVRSDUW RI WKH VLPXODWLRQV7KHPRGHO
SDUDPHWHUV XVHG LQ WKH FRPSDULVRQ ZLWK WKH H[SHULPHQWV DUH SUHVHQWHG LQ 7DEOH  7KH %HVVHOLQJ PRGHO RQO\
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7DEOH)LQDOXVHGPRGHOSDUDPHWHUVIRU3UDJHU%.,1$UPVWURQJ)UHGULFN$)&KDERFKH&+$%DQGHODVWLFSHUIHFWSODVWLF(33
  yS  Hp C  J  C  J  C  J 
%.,1
3 03D *3D      
/ 03D *3D      
$)
3 03D       
/ 03D       
&+$%
3 03D       
/ 03D       
(33
3 03D 03D      




6.6. Comparison between experimental & numerical simulation 
,Q WKH IROORZLQJ VHFWLRQ VRPH RI WKH UDWFKHWLQJ H[SHULPHQWDO UHVXOWV DQG QXPHULFDO UHVXOWV DUH SUHVHQWHG DQG
FRPSDUHG 7KH UHVXOWV DUH SUHVHQWHG LQ ILJXUHVZKHUH WKH WRWDO KRRS VWUDLQ LV SORWWHG DV D IXQFWLRQ RI QXPEHU RI
VHFRQGDU\ORDGF\FOHV7KHILJXUHVDOVRVKRZZKLFKVWUHVVOHYHOVRISULPDU\DQGVHFRQGDU\ORDGVWKDWDUHXVHGIRU
WKH FRQVLGHUHG H[SHULPHQW )XUWKHU WKH H[SHULPHQWDO UHVXOWV DQG HDFKPDWHULDO PRGHO DUH SORWWHG ZLWK D XQLTXH











SULPDU\ DQG VHFRQGDU\ ORDGV WKH JUHDWHU LQLWLDO UDWFKHWLQJ UHVSRQVH WKH PRUH QXPEHU RI F\FOHV XQWLO D FRQVWDQW
UHVSRQVHVORSHLVREWDLQHGDQGWKHODUJHUILQDOVORSHRIWKHUHVSRQVHFXUYH
:KHQFRPSDULQJ WKH UDWFKHWLQJ H[SHULPHQWDO UHVXOWVZLWK WKHQXPHULFDOO\ DQDO\VLV UHVXOWV WKH/DQG3
H[SHULPHQWVVKRZWKHVDPHWHQGHQF\7KH3UDJHUPRGHODQG$UPVWURQJ)UHGULFNHLWKHUXQGHUHVWLPDWHRUVWURQJO\



















SRVVLEOH ZKLOH VWLOO FDSWXULQJ WKH HVVHQWLDO UHVSRQVH ,PSRUWDQW UHDVRQV DUH WKDW VLPSOH PRGHOV DUH HDVLHU WR
XQGHUVWDQG DQGZRUNZLWK DQG WKDW IHZHU WHVWV DUHQHHGHG IRU FKDUDFWHULVDWLRQRI WKHPDWHULDO%DVHGRQ WKLV WKH
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